Available online at www.sciencedirect.com

C H JOURNAL OF
i SCIENCE@DIRECT° g MAC«)TIAELCY:LSJILSAR
SevaSlies A: CHEMICAL
ELSEVIER Journal of Molecular Catalysis A: Chemical 201 (2003) 161-166

www.elsevier.com/locate/molcata

Effect of promoter thallium for a novel selectivity oxidation
catalyst studied by X-ray photoelectron spectroscopy
Min Cher¥, Xiao-Ming Zheng

Ingtitute of Chemistry, Zhejiang University, Xixi Campus, Hangzhou, PR China
Received 13 November 2002; accepted 14 February 2003

Abstract

A series of novel catalysts consisting of V-Cs-Cu-TI supported on Bi@l SiC were prepared by impregnation method
and tested for their catalytic properties to selectivity oxidation fietart-butyl toluene top-tert-butyl benzaldehyde. A
very significant effect was obtained with a selectivity of about 80 mol% and the conversion of 12 mol% over the series of
catalysts. The surface properties of the series of V-Cs-Cu-TI catalyst were discussed by X-ray photoelectron spectroscopy
(XPS) analysis. The results of XPS analysis pointed out the small decrease of the vanadium binding energies and increase in
the peak area of nucleophilic oxygenXQ with the promoter thallium adding into V-Cs-Cu catalyst. The optimum catalytic
activity for the series of V-Cs-Cu-TI catalyst was probably ascribed to the promoter thallium which effectively enhanced
the redox cycle of ¥+ < V#*. In addition, O 1s analysis of catalyst indicated that the nucleophilic oxygen on the catalyst
surface plays an important role in this selectivity oxidation. Such typical results were summarized and the role of thallium
promoter was explained.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: XPS; Selective oxidation; Catalyst; Thallium promoter

1. Introduction linked with the catalytic properties importantly. In the
previous papef5], we have reported that the prop-
p-tert-Butyl benzaldehyde was mainly used in erty for gas-phase catalytic oxidation pitert-butyl
foodstuff, medicine, and also widely in demand toluene top-tert-butyl benzaldehyde had improved
in the chemical industryf1,2]. The gas-phase cat- greatly by thallium addition and optimal selectiv-
alytic selective oxidation ofo-tert-butyl toluene to ity for p-tert-butyl benzaldehyde was obtained at
p-tert-butyl benzaldehyde was a very attractive route V-Cs-Cu-Tl series catalyst. This is a novel catalyst
for the production op-tert-butyl benzaldehyde. There  system and an effective application in selective oxida-
were many reports about the catalysts used in selec-tion of p-tert-butyl toluene. X-ray photoelectron spec-
tive oxidation of toluene but selective oxidation of troscopy (XPS) is known to be an efficient method
p-tert-butyl toluene was seldom reported. for characterizing the chemical and physical states of
Vanadium oxide catalysts supported on titania have surface[6-8]. On the series of V-Cs-Cu-TI catalyst,
been commonly employed for the partial catalytic the relation between the chief catalyst of vanadium
reaction[3,4]. In some instances, the promoters were and promoter thallium was not detected clearly. It
seems necessary to explore the internal relations such
* Corresponding author. as (1) how the promote affected the surface chemical
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state of the vanadium oxide catalysts? and (2) how the 2.3. XRD structure analysis

redox properties of the catalyst were of great impor-
tance? In this paper, XPS and X-ray power diffraction

The X-ray power diffraction powder patterns were

(XRD) techniques were carried out to characterize collected on a Rigaku D/max-IlIB instrument us-

this series of catalyst.

2. Experimental
2.1. Catalyst preparation

The catalysts, which were used for the selective

ing monochromatized Cu K radiation (40kV and

40 mA).

2.4. X-ray photoelectron spectroscopy (XPS)

The catalyst surface composition was determined
by X-ray photoelectron spectroscopy with a PHI-550
model ESCA/SAM system. The binding energy was

gas-phase oxidation, have been prepared by impreg-adjusted to the C 1s peak at 284.6 eV which existed

nation method. Ti@ and silicon carbide (commer-
cial) were used as the support; V, Cs, Cu, Tl were

loaded on the supports with an aqueous solution of
nitrate that was containing a given amount. The sam-

ples were dried at 250 for 2 h and then calcined at
600°C for 5h. The catalyst was pulverized into par-
ticles of 20—40 meshes. The composition of the cat-
alysts in atomic ratio were as follows: V:Cs:Cu:*|
1:0.2:0.15n (n = 0.01-0.03). The catalysts were de-
noted as VCg2Cug 15T1,/TiO2-SiC (n = 0.01-0.03).

2.2. Activity measurement

The catalytic activity test for partial oxidation of
p-tert-butyl toluene top-tert-butyl benzaldehyde was
performed in a flow reactor containing a fixed-bed of
3ml of catalyst.p-tert-Butyl toluene was introduced

in all measurements.

3. Results and discussion

3.1. Activity test

The catalytic activity and selectivity gi-tert-butyl
toluene to p-tert-butyl benzaldehyde on V-Cs-Cu
catalysts with and without Tl are shown ifable 1,
respectively. FronTable lit can be observed that the
activity of a single \bOs catalyst was low; adding
promoter Cs and Cu exhibited the considerable im-
provement. Addition of thallium into the V-Cs-Cu
catalyst resulted in the increase of the selectivity
about 2-2.5 times at 44C. A very significant effect
was observed with a selectivity of about 80 mol%

into an evaporator by a syringe-pump. The temperature with the conversion of 12mol% at the reaction

varies from room temperature to 500. The analysis
of the reactor effluent was performed with an on-line
SP-2304 model gas chromatography by a FID.

Table 1
Activity and selectivity over catalysts

temperature at 440C over V-Cs-Cu-Tl catalyst. It
was worth noting that among all the catalyst, the
selectivity of p-tert-butyl benzaldehyde increased

Concentration (mol//)

Conversion (mol%) Selectivity (mol%)

Catalyst Temperature of reactionQ)
V205/TiO,-SiC 480 0.9
VCs0.2/TiO2-SiC 480 0.9
VCs0.2Clp 05/ TiO2-SiC 440 1.0
480 0.9
VCsp2Cup 15Tlp,01/TiO2-SiC 440 1.0
480 1.0
VCSov2CLJ()415T|0403/Ti02-SiC 440 1.1
480 1.0

2.4 50.2
4.8 84.8
8.0 40.8
20.5 65.2
8.6 92.1
11.8 90.2
12.0 85.0
13.6 83.4
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markedly by adding promoter thallium; the series
of V-Cs-Cu-TI catalysts being the most active cat-
alysts. FromTable 1 it can be seen that the selec-
tivity was higher in VCsCuTd1/TiO2-SiC then in
VCsCuTb,03/TiO2-SiC, but the VCsCuBlos/TiO2-SiC
catalyst obtained a concerted result both in selectivity
and conversion. We chose the VCsCyE/TiO2-SiC
catalyst in further investigation. We also performed
the catalytic stability test, which was carried out
over V-Cs-Cu-TI catalyst. However, after 365h long
time running, the activity of the catalyst remained
unchangeabl§s].

3.2. XRD structure characterization

The XRD patterns before and after adding promoter
thallium are shown irFig. 1 As can be found from
Fig. 1, V205 phase was the only vanadium-containing
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Fig. 1. XRD pattern of catalysts: (a) V&8Cuo.10/TiO2-SiC; (b)
VCs0,2Cp.10Tl0.01/TiO2-SiC; (€) VC9.2CUy.10Tl0.03/TiO2-SiC.

However, there was no thallium phase that can be
detected, which indicated that thallium was highly dis-
persed on the catalyst surface. It was likely to think
that these thallium compounds, which were highly dis-

species on the surface of V-Cs-Cu catalyst, except for persed on the catalyst surface, made an important fac-

the TiO(R) phase and-SiC phase inFig. 1(a) by
comparing with JDPDS files. After adding promoter
thallium, there were three peaks with= 3.52, 1.84
and 2.01 which were assigned to® (V*t) phase
appearing and the intensity 0£®@s diffraction peaks
decreased ifrig. 1(b) This result means that the ad-
dition of small amount of thallium into catalyst has-
tened the phase transition from partly V(V) to V(IV).
This was a very interesting finding.

One knew that the ¥Os was a strong oxidation po-
tential due to its V+=0 groups and that would lead
to a considerable proportion of total oxidation prod-
ucts. It was found that lower vanadium state V(IV)
greatly affected the level of the activity of selectivity
reaction and redox cycle of4 and \P* in catalysts
and in advance in raising the selectivity of the cata-
lysts[9,10]. From the results indicated Ifig. 1, after
adding promoter thallium, the series of V-Cs-Cu-TlI
catalysts obtained the V(IV) phase, which was less in
total oxidation active but more selective active than
V(V) phase.

tion in the highly active catalysts of series V-Cs-Cu-TI.
3.3. XPSresult

3.3.1. XPSof thallium state analysis

To identify the thallium state on the catalyst sur-
face, the XPS analysis before and after adding pro-
moter thallium were performed. FroFig. 2, it could
be detected that sample (a) without promoter thallium
showed no signal of thallium. Obviously, the thallium
peak at 4f,> position could be detected both in sample
(b) and sample (c), however, the intensity increased
with the rise in thallium loading. These results sug-
gested that those thallium species should be highly dis-
persed on the surface of catalysts detected from XRD.

3.3.2. XPS of vanadium state analysis

It was of principal importance to study the vanadium
states in the catalyst surfaces with and without thal-
lium. FromTable 2 it can be seen that a 0.2 eV binding
energies change in V-Cs-Cu catalyst compared with

Table 2
V 2p Binding energy of the catalysts

Catalyst

V505 [11] V-Cs-Cu V-CS-CU-TdAo;L V-CS-CU-TbAog
Binding energy (eV) 517.6 V(V): 517.4 V(V): 517.3 V(V): 517.3
V 2pz)2 V(IV): 515.8 V(IV): 515.8
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Fig. 2. Tl 4f spectra of catalysts samples: (a) VCsCuhT8IC;
(b) VCsCuTb,01/TiO2-SiC; (c) VCsCuTpo3/TiO,-SiC.
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Fig. 3. V 2p/2 spectra of VCg2Cug 15Tlo.03/TiO2-SIiC catalysts:
(a) fresh; (b) spent.

the bulk \LOs5 indicated literaturgl1] and there was
0.1eV small shift of V(V) in V-Cs-Cu catalyst after
adding promoter thallium. The results suggested there
was a change in chemical environment of V(V) after
adding promoter. Besides, on the series of V-Cs-Cu-TI
catalyst, there are small signal indicated V(IV) at the
binding energy of 515.8eV. This effect may be also
due to part ¥Os phase transformed into lower species,
and resulted in the increase of the electronic unit and
weakening of the binding force for30. Also, it was
obvious to the right trend of the selectivity oxidation.
In order to monitor the dispersion of the vanadium
states on the fresh and used catalysts surfaice,3
gives the result. IrFig. 3 the binding energy val-
ues were 518+ 0.4eV and 518+ 0.2eV on fresh
and spend catalyst, which indicated that two different
vanadium states V(V) and V(IV) existed in the catalyst
[12]. It was worth noting that, comparing the peak ar-
eas of the fresh and spend catalyst, the.339.2 eV
peak increased and the 537 0.4 eV peak decreased.
This indicated that there were some high vanadium
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species from V(V) translated into V(IV) after 365 h re- 52937
action. Simultaneously, the position of V 2p peak indi- 532'680 B
cated that V(V) do changed from 517.3eV to 517.7 eV
and the binding energy indicated V(IV) shifted from
515.8eV to 516.0eV in the spent catalyst. Thus, it
can be explained by two reasons. The first one is that
a V(V) and V(IV) redox cycle was performed in the
V-Cs-Cu-Tl catalyst, and the other indicated that thal-
lium and vanadium made an interaction that course
through the change of electron structure in the cata-
lyst. According to literaturg¢13], a Mars—van Kreve-
len mechanism, implying W) < V(IV) redox cycle,
was likely applied to the selective oxidation reaction.
The results irFig. 3indicated that there was a redox
behavior in V-Cs-Cu-TI catalyst.

5365 ' — 526.1

3.3.3. Analyst of V®*, V** concentrations

An important problem was relative to the surface
atomic composition regarding the®¥/vV4t distribu- 337.9 526.7
tion [14]. The data of the surface atomic ratio for the ®) o
fresh and after 365h tested VCsCygd/TiO2-SiC Binding energy (V)
catalyst was presented- ifable 3 BOth. fresh a”‘.j Fig. 4. O 1s spectra of V@3Cuy 15Tl003/TiO>-SiC catalysts: (a)
used catalysts were subjected to chemical analysis forgesp: (b) spent.
V5t and VM concentrations. It could be found there
was small amount of ¥ formed before reaction
(32%), then after 365 h reaction, the WVV4* ratio 3.3.4. XPSof O 1s analysis
decreased and the ratio of*¥V increased. The data Another important factor was the surface oxygen
shown inTable 3indicated that the V(V) and V(IV)  species of the catalysts. Different types of oxygen
phase transformation happened on the V-Cs-Cu-Tl species were known to be present on the catalyst
catalyst and it also associated with the XRD re- surface.Fig. 4 showed the results of O 1s analysis
sult. Table 3also suggested that the redox effect of about the catalysts before and after 365 h reaction. A
V5+/V4t+ was important and the lower vanadium state survey of XPS spectra indicated the presence of O
(V4) greatly affected the activity of the selective 1s with two peaks in both samples before and after
oxidation. Based on these observations of vanadium 365 h reaction. One O 1s peak was positioned near
state analysis, adding thallium appears to be capa-532.0eV and the other was near 529.0 eV. &ipeak
ble of V°*/V4+ redox formation and stabilizing the was represented by electrophilic oxygen—(0,™),
catalyst life. while the B peak was represented by nucleophilic

oxygen (G~) [15]. They played different roles in the
catalytic reaction. According to Haber and Bielanski

Table 3 [16] and Sokolovski[17], nucleophilic oxygen (&)
Analysis of VP* and V* in VCs2Cuo.1sTlood/ IOz SIC catalyst  gpacies are mainly responsible for selective oxidation

Catalyst VHIV4 Binding energy (eV) of hydrocarbons, while electrophilic oxygen (O
(%) VTR O27) species are suggested to be involved in deep
2p2 2Py oxidation, leading to CQ product formation. Obvi-
VCs2Clo15Tlooa/TIO2 SIC 68 517.3 515.8 (small) ously, the intensity op peak decreases in sample (b),
(before reaction) while thea peak was almost unchanged. It suggested
VCs0.2CUo.15Tlo.03/TiO2-SIC 32 517.7 516.0 that the lower peak area @ peak attributed to the

(after reaction) nucleophilic oxygen (&) has participated in the
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Fig. 5. O 1s spectra of with and without catalyst: (a) Y&Sup 15/

TiO2-SIiC; (b) VC%2Cu15Tl03/TiO2-SiC; () VC%2Cuo.1s
Tlo.02/TiO2-SiC.

selective oxidation reaction and resulted in the active
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Based on the results of O 1s analysis mentioned
above, we conclude that the introduction of thallium
into V-Cs-Cu catalyst leads to enhancement of the nu-
cleophilic oxygen (&), and results in high efficiency
of Vot & V4* redox cycle, especially in the selective
oxidation reaction.

4. Conclusions

Adding of thallium into V-Cs-Cu catalyst sig-
nificantly improves the selective oxidation capacity
by enhancing the V(V) species changes into V(IV)
species, and increases the nucleophilic oxygen con-
tent of the catalyst. This results in the increase of the
catalytic activity and selectivity fronp-tert-toluene
to p-tert-benzaldehyde. XPS and XRD analysis point
out that the novel V-Cs-Cu-TI catalyst consisted of
the highly dispersed thallium and*¥/V°+ redox
formation upon the catalyst. It also demonstrated that

oxygen numbers decrease. Therefore, we propose inthe nucleophilic oxygen (&) was the main active

V-Cs-Cu-TI catalyst, the nucleophilic oxygen 30
played an important role in particle oxidation from
p-tert-butyl toluene to p-tert-butyl benzaldehyde.

Good agreement was found between the O 1s results

and XRD patterns of V(V) and V(IV) chang€ig. 5
showed the O 1s changes in the catalysts both with
and without thallium. It can be seen that there were
two peaks inFig. 5. It seems, that the nucleophilic
oxygen (529.0-531.0eV) and electrophilic oxygen

(532.0-533.5eV) species may be easily separated.

The peak area of nucleophilic oxygen became large
in the samples after adding thallium. However, we
found that the good catalytic activity in V-Cs-Cu-TlI
catalyst can be attributed to the nucleophilic oxygen
(0?7), which was the main active oxygen species
in selective oxidation reaction. Jonson et[4B] re-
ported bulk \AOs5 to be less active in selective toluene
oxidation; in our study the data given irable lalso
indicated that single ¥Os catalyst also showed poor
activity to p-tert-toluene oxidation. Why adding small
amount of thallium can get novel result? It may be
explained that the thallium doping leads to an increase
of the surface concentration of V(IV) species which
is in favor with the redox cycle and help the selective
oxidation reaction. However, other promoter Cs and
Cu also make certain effects in the catalyst, will be
studied in the next work.

oxygen species in particle oxidation fraorert-butyl
toluene top-tert-butyl benzaldehyde.
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